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Abstract The biomedical β-type titanium alloy Ti–29Nb–13Ta–4.6Zr (TNTZ) exhibits non-toxicity and a
low Young’s modulus that is similar to that of bone. This alloy has a low Young’s modulus because it
contains a metastable β phase. Strengthening due to grain refinement tends to provide high mechanical
strength, while keeping the Young’s modulus low, because it maintains the original β phase. In this case,
severe plastic deformation, such as High-Pressure Torsion (HPT), is a potential treatment for obtaining
these properties simultaneously. Thus, in this study, the effect of HPT on the microstructure and hardness
of TNTZ was systematically investigated. On the cross sections of TNTZ subjected to HPT, heterogeneous
microstructures, consisting of a matrix and an unetched band not corroded by an etching solution, were
observed. Both the matrix and the unetched band were comprised of a single β phase with submicron-
sized grains, but their grain geometries differed: equiaxed grains and elongated grains are observed in
the matrix and the unetched band, respectively. The hardness distribution in the cross section of TNTZ
subjected to HPT is also heterogeneous; the hardness is higher in the matrix than in the unetched band,
when the number of HPT rotations is small.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Bone quality is considered to be related to the stress con-
dition at each position in vivo [1]. However, stress transfer
between a metallic implant and a bone is non-homogeneous
when the Young’s modulus of the metallic implant and that
of the bone are different. The Young’s modulus of the metals
and alloys used for fabricating the metallic implants are much
higher than that of bone; therefore, stress stimulation to the
bone is reduced (stress shielding effect). Under such conditions,
bone atrophy is likely to occur and can lead to loosening of the
metallic implant and re-fracturing of the bone. Thus, to miti-
gate the stress shielding effect, metals and alloyswith a Young’s
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ideal for fabricating metallic implants [2]. Consequently, ex-
tensive efforts have been made to develop β-type titanium al-
loys with Young’s moduli nearly equal to that of bone [3–6].
One such alloy, Ti–29Nb–13Ta–4.6Zr (TNTZ), has been devel-
oped by the authors [4]. This alloy has a Young’s modulus of
around 60 GPa under a solutionized condition. However, the
mechanical strength of this alloy under the aforementioned
solutionized condition is less than that of the conventional ti-
tanium alloy, Ti–6Al-4 V ELI, used for fabricating metallic im-
plants. Thus, various thermomechanical treatments have been
examined to improve the mechanical strength of TNTZ [7,8].
These treatments improve the mechanical strength, but they
also increase the Young’s modulus, because a large amount
of precipitates are formed. Therefore, presently, as part of our
current research, we are developing a method that affords
TNTZ with both a low Young’s modulus and high mechanical
strength [9–11].
Grain refinement is an effective method for strengthening
metals and alloys, and, as a method for obtaining submicron-
sized grains, severe plastic deformation has attracted consider-
able attention [12–14]. In comparisonwith other strengthening
evier B.V. Open access under CC BY-NC-ND license.
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ical strengthwhilemaintaining a lowYoung’smodulus for TNTZ
because it retains the β phase, which ensures the desired low
Young’s modulus.
By employing High Pressure Torsion (HPT) as a represen-
tative severe plastic deformation technique, we recently at-
tempted to improve the mechanical strength of TNTZ while
keeping its Young’s modulus low [15]. The effect of HPT on the
microstructure and hardness of TNTZwas systematically inves-
tigated in the present study.
2. Experimental procedures
A hot-forged TNTZ bar (Nb:28.6, Ta:12.3, Zr:4.75, O:0.09,
Ti:bal. (mass%)) was used in this study. The bar was subjected
to solution treatment in vacuum at 1063 K for 3.6 ks followed
by water quenching. Thereafter, the TNTZ bar was cold-rolled
to a plate of thickness 0.8 mm (reduction ratio:>80%), and the
thus-obtained plate was machined to disks of diameter 20 mm
and thickness 0.8 mm for HPT.
HPT was conducted under an applied pressure of around
1.25 GPa, with a rotation speed of 0.2 rpm for 1, 5, and 20
rotations (N), at room temperature. In this case, an equivalent
strain (ε) was imposed on the disk depending on its radius (r)
and thickness (t) as follows [14]:
ε = 2πNr√
3t
. (1)
The microstructures of the specimens subjected to the above-
mentioned treatment were observed using Optical Microscopy
(OM) and Transmission Electron Microscopy (TEM). The phase
constitution at the half-radius position of each specimen was
analyzed using X-ray Diffraction (XRD) and electron diffraction
in TEM.
The hardness distributions of the specimens’ cross sections
were measured by subjecting the specimens to the Vickers
hardness test with a load of 4.9 N and a holding time of 15 s.
3. Results and discussion
Figure 1 shows the optical micrographs of the TNTZ cross
sections subjected to HPT at N = 10 as the representative re-
sult. The white band (unetched band), which is not corroded
by the etching solution, is observed horizontally in the mid-
dle of the TNTZ cross section subjected to HPT at N = 10. The
unetched band is expected to have higher corrosion resistance
than the other regions (matrix). Such unetched bands were ob-
served in other TNTZ cross sections subjected to HPT under all
specified rotations, but they did not form after cold rolling. Fur-
thermore, the thickness of the unetched band increased with
the number of rotations and the center-to-edge distance. Ac-
cording to Eq. (1), the equivalent strain increaseswith the num-
ber of rotations and the radius of the specimen. Therefore, this
OM result indicates that the unetched band was formed in the
region where a large strain was imposed.
Figure 2 shows the XRD profiles of the TNTZ surfaces sub-
jected to cold rolling and subsequent HPT at N = 1, 5, and 20.
Using XRD, only the β phase is detected for every TNTZ speci-
men. The matrix in TNTZ, subjected to HPT for any number of
rotations, is probably composed of a single β phase. However,
the peak intensities of TNTZ subjected to cold rolling and those
subjected to HPT for any number of rotations are different. This
result indicates that the specimens subjected to HPT and those
subjected to cold rolling have different textures.Figure 1: Optical micrographs of cross section of TNTZ subjected to HPT at
N = 10.
Figure 2: XRD profiles of surfaces of TNTZ subjected to cold rolling and
subsequent HPT at N = 1, 5, and 20.
Figure 3 shows the TEM results obtained from the center
parts at depths of TNTZ subjected to cold rolling, and subse-
quent HPT, at N = 1, 5, and 20. These parts correspond to the
unetched bands observed in the TNTZ cross sections subjected
to HPT. In the selected area electron diffraction patterns, the
spots derived from the β phase are observed in TNTZ subjected
to cold rolling and HPT at N = 1, whereas Debye rings appear
for TNTZ subjected to HPT atN = 5 and 20. This result indicates
that the unetched band is also comprised of a single β phase.
Further, small grains or subgrains are formed by HPT, and grain
misorientation increases with the number of HPT rotations. In
otherwords, the number of high-angle grain or subgrain bound-
aries increases with strain.
Figure 4 shows the representative TEM bright field images
of the matrix and the unetched band of TNTZ subjected to HPT
at N = 20. In this figure, some grains or subgrains are enclosed
by dotted lines to highlight their boundaries. Equiaxed grains
are observed in the matrix, whereas elongated grains are ob-
served in the unetched band. The equiaxed grains in the matrix
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obtained from center parts in depth of TNTZ subjected to (a) cold rolling and
subsequent HPT at (b) N = 1; (c) N = 5; and (d) N = 20.
are randomly aligned, whereas the elongated grains in the un-
etched band are aligned along a certain direction. Further, while
both grain types are submicron-sized, the lengths of the elon-
gated grains along the longitudinal direction are larger than the
diameters of the equiaxed grains. In other words, grains in the
matrix are refined more effectively using HPT than those in the
unetched band. These results are obtained for TNTZ specimens
subjected to HPT, regardless of the number of rotations.
Figure 5 shows the hardness distributions in cross sections of
TNTZ subjected toHPT atN = 1, 5, and 20. Overall, the hardness
values tend to increase with the number of rotations. Further-
more, the hardness values increase gradually with the center-
to-edge distance. These results indicate that the hardness
increases with the equivalent strain. However, the hardness at
the center of the TNTZ cross section subjected to HPT at N = 1
is lower than that near its surface, whereas the hardness of the
TNTZ specimen subjected to HPT atN = 5 and 20 is almost uni-
form throughout the thickness direction. The unetched bandsFigure 4: TEM bright field images obtained from (a) matrix and (b) unetched
band of TNTZ subjected to HPT at N = 20.
were formed by HPT at the middle of the cross section of ev-
ery TNTZ, as mentioned in the previous section. Therefore, the
hardness of the unetched band is found to be less than that of
the matrix in TNTZ subjected to HPT at N = 1, but comparable
to that of the matrix in TNTZ subjected to HPT at N = 5 and
20. The misorientation of grains or subgrains in the unetched
band increased with the number of rotations, as shown in Fig-
ure 2. Thus, it is considered that the hardness increaseswith the
number of high-angle grain or subgrain boundaries.
Conclusion
To obtain submicron-sized grains for effective grain re-
finement strengthening, High-Pressure Torsion (HPT) was ap-
plied to our developed biomedical β-type titanium alloy,
Ti–29Nb–13Ta–4.6Zr (TNTZ). The effect of HPT on the mi-
crostructure and hardness of TNTZ was systematically investi-
gated in this study. The following results were obtained.
1. The cross sections of TNTZ subjected to HPT show a het-
erogeneous microstructure; the unetched band and matrix,
which are uncorroded and corroded by an etching solution,
respectively, are formed in TNTZ due to HPT.
2. Both the unetched band and the matrix in the TNTZ spec-
imen subjected to HPT are composed of a single β phase.
However, the grain morphologies in these regions are dif-
ferent: elongated and equiaxed grains are formed in the un-
etched band and matrix, respectively. Further, while theseFigure 5: Hardness distributions in cross sections of TNTZ subjected to HPT at (a) N = 1; (b) N = 5; and (c) N = 20.
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grains along the longitudinal direction in the unetched band
are larger than the diameters of the equiaxed grains in the
matrix. Moreover, grain misorientation in the unreached
band increases with the number of HPT rotations.
3. The hardness distribution in the TNTZ cross sections sub-
jected to HPT is heterogeneous; the hardness values in the
unetched band are lower than those in the matrix when the
number of HPT rotations is small. However, with increasing
the number of rotations, the hardness values in the unetched
band become comparable to those in the matrix.
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